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Ultra-high-energy cosmic rays (UHECRs) can be accelerated by tidal disruption events of stars by
black holes. We suggest a novel mechanism for UHECR acceleration wherein white dwarfs (WDs)
are tidally compressed by intermediate-mass black holes (IMBHs), leading to their ignition and
subsequent explosion as a supernova. Cosmic rays accelerated by the supernova may receive an
energy boost when crossing the accretion-powered jet. The rate of encounters between WDs and
IMBHs can be relatively high, as the number of IMBHs may be substantially augmented once account
is taken of their likely presence in dwarf galaxies. Here we show that this kind of tidal disruption
event naturally provides an intermediate composition for the observed UHECRs, and suggest that
dwarf galaxies and globular clusters are suitable sites for particle acceleration to ultra-high energies.
I. INTRODUCTION
An open question in astrophysics is related to the
origin and acceleration mechanisms of the ultra-high-
energy cosmic rays (UHECRs). Their extreme energy
(E & 1018 eV) poses a problem for simple models
of particle acceleration. Measurements by the Pierre
Auger Observatory favor a mixed composition at ener-
gies E & 1018.6 eV, which becomes increasingly heav-
ier with energy [1, 2]. The recent combined spectrum-
composition fit by the Auger Collaboration also suggests
a mixed composition at the sources [3], although the re-
sults are model-dependent.
At energies below ∼ 0.1 EeV (1 EeV ≡ 1018 eV),
the cosmic-ray spectrum can be described by the usual
supernova paradigm: supernovae accelerate CR protons
up to energies ∼ 1015 eV; this leads to the so-called knee
of the cosmic-ray spectrum. Heavier nuclei of atomic
number Z can be accelerated up Emax ∼ Z×1015 eV; for
iron (Z = 26) this would imply a feature in the spectrum
coinciding with the second knee. CRs of energies above
the so-called ankle (E ∼ 4× 1018 eV) are believed to be
mostly of extragalactic origin. Betwen the second knee
and the ankle there is a clear need for a local (possibly
galactic) component [4, 5], whose acceleration mechanism
remains to be found. Extensions of the usual acceleration
mechanism by supernovae have been suggested to explain
this component (see e.g. Refs. [6, 7]).
A difficulty common to many UHECR acceleration
models concerns the efficiency at which a source accel-
erates heavy nuclei. Gamma-ray bursts (GRBs), for ex-
ample, are inefficient, as opposed to unipolar inductors
operating in pulsars and magnetars. Outflows of ac-
tive galactic nuclei are also seemingly suitable acceler-
ator sites, although the abundance of nuclei such as iron
is low.
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Tidal disruption events (TDEs) by supermassive black
holes (SMBHs) have been suggested as the underlying
mechanism for particle acceleration to ultra-high ener-
gies [8], and invoked to explain anisotropy results by the
Pierre Auger Observatory and Telescope Array (TA) [9].
In this paper we focus on a different kind of TDE in
which a white dwarf (WD) is disrupted and ignited by
an intermediate-mass black hole (IMBH).
IMBHs are hypothetical objects whose existence have
not been unambiguously confirmed. They provide a nat-
ural link between stellar-mass and supermassive black
holes. They are believed to be found in dwarf galaxies,
with an occupation fraction for active IMBHs of order
1% in both x-ray [10, 11] and optical surveys [12], as
well as in globular clusters [13–15]. A substantial num-
ber of AGNs in dwarf galaxies may be missed because
of soft x-ray absorption [16]. Many of the dwarf “prob-
lems”, ranging from frequency, absence of cusps, too-big-
to-fail and baryon fraction, can be accounted for by feed-
back from IMBH in the early gas-rich phase of dwarf
galaxy evolution [17]. We infer that quiescent IMBHs
are likely to occur in at least 10% of observed dwarfs as
well as in massive globular clusters, and moreover are
plausibly expected to be produced in many of the failed
dwarfs predicted by galaxy formation theory in the con-
text of the ΛCDM model, if only as relic building blocks
of SMBHs [18].
The typical IMBH mass lies in the range between
those of stellar mass and supermassive black holes, i.e.,
∼ 102 − 105M. WDs are the end product of main-
sequence stars with masses up to ∼ 8 M. Due to the
abundance of WDs, in dense environments they are prone
to collide and/or merge with other objects. In some
cases, WDs can be disrupted by IMBHs and explode
as supernovae. The observation of the gamma-ray burst
GRB060218 and its associated supernova, SN2006aj [19],
has been interpreted by Shcherbakov et al. [20] as such an
encounter. A similar interpretation for the object Swift
J1644+57 has also been suggested by Krolik and Piran
[21].
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2II. THE MODEL
If a star of mass M? is close to a black hole of mass
Mbh, tidal forces may deform the star, stretching it along
the orbital direction and squeezing it in the perpendic-
ular direction. The net effect of this deformation is an
increase in pressure which may be enough to trigger nu-
clear burn, causing the explosion of the star as a low-
luminosity supernova [22]. As suggested by Luminet and
Pichon [23, 24], this can happen for white dwarfs with
masses between 0.07M and 0.50M that are not able to
normally burn helium but which can be ignited by tidal
disruptions. Similarly, for stars of M? & 0.5M, TDEs
can trigger the burning of carbon and oxygen, of which
white dwarfs in this mass range are largely composed.
Stars can be tidally disrupted by BHs if their distance
is
rt . 0.1M1/3bh,3M
−1/3
? R?,−2 R (1)
where R?,−2 is the stellar radius in units of 10−2R,
M? is the mass of the star in solar masses, and Mbh,3
is the BH mass in units of 1000M. Let rp be the
pericenter distance between the star and the black hole.
The encounter strength (β) is usually defined as the ra-
tio between the tidal radius rt and the pericenter dis-
tance rp. The Schwarzschild radius of the black hole is
Rg = 2GMbh/c
2, thus constraining the maximum mass
of a black hole for which the star can be tidally disrupted,
to [25]
Mbh,max ≈ 1.2× 105R3/2?,−2M−1/2? M. (2)
Note that SMBHs with masses Mbh & 106M cannot
tidally disrupt white dwarfs.
Once ignited, the star will unavoidably become a su-
pernova. The relative abundances of elements synthe-
sized by white dwarfs in tidally-induced supernova events
will be used to fix the initial composition of UHECRs in
our model. Naturally, these abundances depend upon
the initial composition of the star. Low-mass WDs
(0.07M . M? . 0.5M) are mainly composed of he-
lium, whereas those with masses M? & 0.5M have as
their primary composition intermediate-mass nuclei such
as carbon and oxygen. We now introduce two simple
models, with the abundances (ai) of each species ob-
tained from estimates by Rosswog et al. [25]
model I: WDs with masses M? < 0.5M are com-
posed initially of helium, with abundances aHe = 0.861,
aC = 0.12, aSi = 0.11, and aFe = 0.016;
model II: WDs with masses M? > 0.5M are composed
initially of equal amounts of carbon and oxygen, with
abundances aHe = 0.568, aC = 0.044, aO = 0.096,
aNe = 0.002, aMg = 0.002, aSi = 0.114, and aFe = 0.173.
Model I is for a helium WD of M? = 0.2M disrupted
by a BH of Mbh = 10
3M, whereas model II is for a car-
bon/oxygen WD of M? = 1.2M encountering a black
hole of Mbh = 500M. The mass of the black hole and
white dwarf, as well as the proximity of the encounter,
are expected to affect the relative abundances of each
element, so that models I and II are intended to be rep-
resentative cases rather than an exact model.
We now want to estimate the luminosity in UHECRs
for such encounters. For this, we follow Evans et al. [26]
and Shcherbakov et al. [20].
Debris of the explosion of the star will be accreted onto
the BH at a rate
M˙bh ≡ dMbh
dt
=
1
3
M?
tfb
(
t
tfb
)− 53
, (3)
where tfb is the characteristic time for bound material to
fall into the black hole, given by
tfb ≈ 100α−3R3/2?,−2M1/2bh,3M−1? s, (4)
where α ≡ β√ξ/κ, with κ ∼ 0.5 being a model-
dependent parameter, and ξ ≡ ∆R?/R? designating the
deformation factor for a spread ∆R?. In WD-ignition
scenarios, β is typically ∼ 10. Simulations find ξ ∼ 4 [26].
Therefore, our benchmark value is α ∼ 40.
Combining equations 3 and 4, we can write M˙max ≡
M?/(3tfb), which reads
M˙max ≈ 104α3R−3/2?,−2M2?M−1/2bh,3 M yr−1. (5)
Note that the accretion rate decays with t−5/3. This is
believed to be a universal property of tidal disruption
events [25, 27–30].
As the material from the supernova explosion falls into
the black hole, part of the magnetic field of the former
star is advected toward the event horizon, increasing the
total magnetic energy in the vicinity of the black hole,
yielding
Bbh ∼ 4× 1011M˙1/2bh,4M−1bh,3 G, (6)
where M˙bh,4 ≡ M˙bh × 104 M yr−1. The magnetic field
Bbh is composed of a turbulent random component aris-
ing from magnetorotational instability [31–33], and the
regular (poloidal) component generated via dynamo am-
plification of seed fields [34]. These fields can reach val-
ues of Bbh ∼ 1012 G [34], which can be maintained during
a short period of time.
In Eq. 4, there is an α3 dependence. In studies by
Stone et al. [35] and Guillochon and Ramirez-Ruiz [36],
α has been found to be independent of the encounter
strength β. These differences, however, do not invalidate
our results. They would cause a change of one order of
magnitude in the estimates of Eq. 6 for β ∼ 10, and a
factor of a few for β . 5.
We now assume that this is a Kerr black hole and that
energy can be extracted from the BH via a mechanism
such as Blandford and Payne [37] or Blandford and Zna-
jek [38]. For details, the reader can refer to e.g. [38–40].
The jet is launched due to the presence of a poloidal
3magnetic field, as shown in general relativistic magneto-
hydrodynamical simulations performed by Tchekhovskoy
et al. [41] and McKinney et al. [42].
The main difference between this and other tidal dis-
ruption models found in the literature is the ignition of
the WD. About 10% of the material of the supernova ex-
plosion is accreted onto the BH, powering the jet. The
remaining material contains cosmic rays accelerated by
the supernova. When these cosmic rays cross the jet,
they can receive an energy boost of ∼ γ2, as proposed by
Caprioli [43] for the case of AGN jets accelerating cosmic
rays produced within their host galaxies; here γ ≈ Ψ−1
is the Lorentz factor of the jet, and Ψ its opening angle.
Because the accelerated cosmic rays are not part of the
accretion flow, in this scenario, acceleration would not oc-
cur near the source, but rather in optically thin regions
away from the base of the jet. Consequently, photodis-
integration is not expected to be relevant, implying that
the primary composition of the UHECRs remains virtu-
ally unaltered. The jet itself may also accelerate cosmic
rays to ultra-high energies, but in this case interactions
with the envelope could heavily degrade the energy of
the escaping particles. Nevertheless, this is important to
determine the neutrino and gamma-ray signatures of the
relevant processes.
III. VALIDATING THE MODEL
It is well-known that supernovae can accelerate cosmic
rays up to energies of at least ∼ Z × 1015 eV via diffu-
sive shock acceleration (DSA). Features in the cosmic-ray
spectrum, namely the second knee and the ankle, provide
a very strong case for the existence of a local (possibly
galactic) component of CRs that cannot be explained
with simple linear DSA theory [4, 5], thus requiring an
extension of the DSA or possibly a completely new accel-
eration mechanism. Although the exact details of such
processes are not relevant for our phenomenological de-
scription, there are interesting possibilities that naturally
extend the spectrum of cosmic rays accelerated by su-
pernovae beyond the second knee that should be men-
tioned. One was suggested by Bell & Lucek [7] (see also
Refs. [44, 45]) and consists of the non-linear amplification
of magnetic fields due to the backreaction of the stream-
ing CRs on the medium. Other mechanisms predict ac-
celeration in winds of companion objects [6, 46]. The
mechanisms commonly found in the literature, including
the aforementioned ones, predict Emax ∼ Z × 1017 eV.
Following the supernova explosion, there are two
groups of CRs that are accelerated. The first one is com-
posed by galactic CRs present in the interstellar medium
(hereafter referred to as ISM composition), and the sec-
ond relates to the abundances of nuclei synthesized in
the explosion (designated as SN composition). While for
E . Z × 1015 eV, the acceleration of ISM-composition
CRs via DSA (or a similar mechanism) is virtually guar-
anteed, the same is not true for the case of SN composi-
tion as the synthesized nuclei would not be accelerated by
forward shocks, but rather by reverse shocks, whose effi-
ciency is about 10% the efficiency of the former. The vi-
ability of particle acceleration in reverse shocks has been
demonstrated in many studies [47–50]. Because DSA of
CRs with ISM composition is not enough to explain the
composition of galactic cosmic rays, an additional mecha-
nism such as reverse shocks is required, whereby non-ISM
nuclei can be produced and subsequently accelerated [51].
As a matter of fact, particle acceleration in reverse shocks
has been proposed in Refs. [52, 53] to explain a long-
standing problem related to the abundance of elements
such as lithium, beryllium, and boron in galactic cosmic
rays. While this is rather speculative, it is not unrea-
sonable to expect a contribution from nuclei synthesized
by a supernova. From the theoretical viewpoint, parti-
cle acceleration could also take place in black-hole winds
produced via a mechanism similar to a generalization of
advection-dominated accretion flows [54, 55].
Now the main ingredients of our model are available:
cosmic-ray nuclei are synthesized in the SN and sub-
sequently accelerated to energies of at least Emax ∼
a few× 1017 eV; an accretion-powered jet is launched by
the BH following the tidal disruption event. We now in-
voke a one-shot mechanism inspired by Ref. [43], whereby
CRs crossing the jet receive an energy boost proportional
to Γ2, with Γ ∼ 10 being the Lorentz factor of the jet. A
slightly higher Emax than predicted by linear DSA the-
ory and/or a jet Lorentz factor of Γ ≈ 15 are sufficient
to explain the existence of CRs at energies ∼ 1020 eV.
Not all IMBH-WD disruptions will lead to supernovae,
but up to ∼ 10% of them will. The Pierre Auger Ob-
servatory has derived lower bounds on the density of
sources based on the absence of clustering in the ar-
rival directions of UHECRs; the least stringent bound
is n0 & 6 × 10−6 Mpc−3 and the most stringent n0 &
7 × 10−4 Mpc−3, at 95% confidence level, depending on
how sources are distributed and on the strength of extra-
galactic magnetic fields [56]. Under the simple assump-
tion that the rate of IMBH-WD encounters is constant
over time, we obtain a true density n ∼ 10−1 Mpc−3 av-
eraged over a Hubble time, using estimates from Ref. [57].
Due to deflections in intervening galactic and extragalac-
tic magnetic fields, the apparent rate of these events
would be n˙s ∼ n/δt [58, 59], where δt is the typical spread
in arrival times, given by [58]
δt ' 107B2nG`MpcE−220 yr, (7)
and where BnG = B/nG is the magnetic field in nG,
`Mpc is the coherence length in Mpc, and E20 is the
cosmic-ray energy in units of 1020 eV. This equation
holds for sources closer than D . 75 Mpc, which cor-
responds to the interaction horizon at ultra-high ener-
gies. Within a sphere of radius 75 Mpc, most of the
volume is likely occupied by voids (for a detailed discus-
sion see e.g. Ref. [60]), and we conservatively estimate
n˙s ∼ 10−8 Mpc−3 yr−1 using the upper limit for mag-
netic fields in voids, B ∼ 1 nG, assuming a coherence
4length ` ' 1 Mpc [61].
For a typical IMBH of 1000M, and a WD of 1M and
10−2R, the maximum accretion rate is given by Eq. 5.
The energy injection rate (E˙) is
E˙ = n˙sECR =
n
δt
Etot, (8)
with  being the efficiency of conversion of the total
energy of the progenitor star (ECR ≡ Etot) into cos-
mic rays. The total energy, Etot, can be as high as
∼ 1051 erg. Estimates by Katz et al. [62] suggest
E˙ ∼ 1044 erg Mpc−3 yr−1, so that in order to satisfy
energy requirements, one would need /δt & 10−6 yr−1.
We estimate that   10%. Recalling that δt ∝ B2`
(from Eq. 7), a simple decrease in the magnetic field by
less than one order of magnitude would already render
our model viable.
While we could have derived the efficiency factor from
considerations about the mass function of black holes,
rates of IMBH-WD TDEs, etc, the uncertainties related
to these quantities and the likely dependence of  on other
parameters justify our approach.
Using the abundances of the elements that compose
the WD, in addition to the elements synthesized in the
supernova, we can fix the UHECR composition. As a
proxy for the composition, we use the depth of the maxi-
mum of the air shower (〈Xmax〉). Therefore, the only free
parameters of the model are the spectral index of the in-
jected cosmic rays (α), the maximum rigidity to which
they are accelerated (Rmax), and the source evolution,
assumed here to follow the star formation rate. This is a
major source of uncertainty in our model, as the source
evolution is a combination of the evolution of WDs, which
follow the star formation rate, and of IMBHs, which is
not well known [63].
In order to illustrate the predictions made by the
model, we compute the expected spectrum and compo-
sition by simulating the propagation of UHECRs from
the sources to Earth. Assuming that the sources are
randomly distributed in the comoving volume, we sim-
ulate the propagation of UHECRs using the CRPropa 3
code [64]. We consider all relevant interactions and en-
ergy loss processes, namely: photopion production, pair
production, photodisintegration, nuclear decay, and adi-
abatic losses due to the expansion of the universe. The
main target for interactions are the cosmic microwave
background (CMB) and the extragalactic background
light (EBL). In particular, we use the EBL model by
Gilmore et al. [65]. The simulations use as input the
fraction of each nuclear species following. The spectrum
has the form
dNinj
dE
=
26∑
i=1
J0aiE
−α
injf(Einj , Zi), (9)
where ai is the relative abundance of each nucleus of
atomic number Z, J0 is the overall normalization factor,
and the function f(Einj) is 1 for Einj < ZRmax and
exp(1− Einj/(ZRmax)) otherwise.
Note that forward and reverse shocks may have differ-
ent maximal rigidities (Rmax), spectral indices (γ), and
injected elemental abundances (ai). Moreover, these pa-
rameters may be different for the two source populations
(helium and carbon-oxygen WDs). Therefore, the actual
spectrum is a combination of Eq. 9 for forward and re-
verse shocks, as well as for both source populations.
It is worth stressing that the combined spectrum-
composition fit [3] of the data collected by the Pierre
Auger Observatory suggests hard spectral indices, which
is consistent with a contribution of reverse shocks to the
total flux, as forward shocks tend to have softer spectral
indices compared to reverse shocks [66].
The results are shown in Fig. 1 for both models. In
order to obtain 〈Xmax〉, we have used the parametriza-
tion given by Pierre Auger Collaboration [67], assuming
the hadronic interaction model EPOS-LHC [68] for the
development of cosmic-ray showers in the atmosphere.
Note that Fig. 1 is merely for illustration purposes. In
reality, Rmax and α depend on the acceleration model,
being the maximal attainable energy limited by the
magnetic field capable of confining cosmic rays within
the source environment. The spectrum and composi-
tion should be simultaneously constrained as done by
the Pierre Auger Collaboration [3]. Nevertheless, due
to the many uncertainties involved in such a combined
fit, whose evaluation is beyond the scope of this work,
we simply present a couple of scenarios to qualitatively
discuss the model. Other combinations of α, Rmax,
and source evolution may lead to better agreement with
the measurements. Our model was devised to hold for
E & 1018.6 eV, since this is the energy at which the
galactic and extragalactic components of the cosmic-ray
spectrum overlap, according to some models [69].
These predictions are subject to uncertainties related
both to the propagation of UHECRs from their sources to
Earth and to the relative abundance of each element syn-
thesized in the supernova. The latter has been discussed
by Rosswog et al. [25] and is inherent to the modeling
of the explosion. The former depends on parameters
such as the exact distribution of sources, photonuclear
cross sections, and the EBL model adopted, as shown
in Ref. [70]. Moreover, magnetic fields may also play a
role in the spectral shape, although to which extent it is
uncertain.
Gravitational waves produced by these kinds of events
are unlikely to be detectable by Advanced LIGO, since
they would be at the experimental sensitivity limit, am-
plitude ∼ 10−22 and frequency ∼ 10 Hz) [71].
A detailed calculation of the electromagnetic signa-
tures of IMBH-WD tidal disruption events can be found
in MacLeod et al. [72], and suggests signatures in x-rays.
IV. DISCUSSION AND CONCLUSIONS
We have presented an original model for UHECR ac-
celeration in IMBH-WD TDEs with ignition of the white
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FIG. 1. Spectrum (left), 〈Xmax〉 (right panel), for models I and II. These plots are for the case of Rmax = 8 EV, assuming
that sources evolve following the star formation rate. Spectral indices are α = 1.2 (sim II) and α = 0.4 (sim I). The spectrum
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dwarf, that naturally explains the intermediate-mass
composition of UHECRs observed by Auger. We have
described the acceleration of cosmic rays to ultra-high en-
ergies by assuming a one-shot reacceleration mechanism
in jets generated via TDEs of WDs by IMBHs. Cosmic
rays are first accelerated by the supernova and subse-
quently they are reaccelerated by the accretion-powered
jet. A number of mechanisms for cosmic-ray accelera-
tion by supernovae and reacceleration by jets could be
invoked. Nevertheless, one should keep in mind that in
order for intermediate/heavy nuclei to escape, the source
environment has to be optically thin.
Promising environments to search for IMBH-WD sys-
tems are globular clusters. Globular clusters are abun-
dant in the universe and even in the Milky Way [18].
About 10% of all stars disrupted in globular clusters
are WDs. Moreover, N-body simulations by Baumgardt
et al. [57] suggest that one in every ten of these clusters
contain IMBHs. Recent observations confirm that nearby
massive globular clusters may contain IMBH [13–15].
Other interesting candidates are dwarf galaxies, as
they may host IMBHs that are possibly required to seed
the formation of supermassive black holes [12, 73]. The
large number of relic dwarfs expected in CDM-motivated
galaxy formation models provides a potentially rich
source of IMBHs that have been proposed to play an
important role in determining the Milky Way galaxy’s
baryon fraction [74]. Moreover the inefficient formation
of the central SMBH by merging IMBHs should leave
a significant population of surviving IMBHs [75]. The
Milky Way may consequently harbor IMBHs in regions
where WDs are fairly abundant. Therefore, one can ex-
pect a few IMBH-WD encounters within our galaxy con-
tributing to the observed UHECR spectrum.
A possible tracer of IMBH-WD tidal disruption events
are ultra-luminous x-ray sources (ULXs), whose lumi-
nosities (& 1039 erg s−1) exceed those of any stellar
process known. Shcherbakov et al. [20] has interpreted
the x-ray flare from GRB060218 as such an event. In
particular, the observation of an associated supernova
(SN2006aj) strengthens this interpretation.
Detailed numerical simulations of IMBH-WD encoun-
ters could be used to improve the estimates of the compo-
sition of the exploding star, thus fixing the composition
of UHECRs in the neighborhood of sources. Electro-
magnetic, neutrino, and gravitational-wave counterparts
of such events could provide a way to test acceleration
models in IMBH-WD systems. Nevertheless, because
tidal ignitions of WDs by IMBHs are transient events,
we do not expect to see UHECRs in coincidence with
photons, neutrinos, and gravitational waves, since time
delays would be incurred by intervening magnetic fields.
In general because of the short time-scales and higher lu-
minosities of white dwarf TDEs [76], they are expected
to be prominent in flux-limited transient surveys [77].
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